We discuss a current controversy regarding the relative role of phosphorylation sites on cardiac troponin I (cTnI) (Figure 1 ) in physiological and patho-physiological cardiac function. Studies with mouse models and in vitro studies indicate that multi-site phosphorylations are involved in both control of maximum tension and sarcomeric responsiveness to Ca 2+ . Thus one hypothesis is that cardiac function reflects a balance of cTnI phosphorylations and a tilt in this balance may be maladaptive in acquired and genetic disorders of the heart. Studies on human heart samples taken mainly at end stage heart failure, and in depth proteomic analysis of human and rat heart samples demonstrate that Ser23/Ser24 are the major and perhaps the only sites likely to be relevant to control cardiac function. Thus functional significance of Ser23/Ser24 phosphorylation is taken as fact, whereas the function of some other sites is treated as fancy. Maybe the extremes will meet: in any case we both agree that further work needs to be carried out with relatively large mammals and with determination of the time course of changes in phosphorylation to identify transient modifications that may be relevant at a beat-to-beat basis. Moreover, we agree that the changes and effects of cTnI phosphorylation need to be fully integrated into the effects of other phosphorylations in the cardiac myocyte.
1. Solaro Point: Despite controversy regarding the functional significance and presence of some sites of phosphorylation on cardiac troponin I in the heart, we should not abandon thorough molecular, cellular and physiological investigation of these sites 37 years since these findings, although it took much effort to convince some skeptics, we have come a long way in the appreciation that the phosphorylation of troponin is a highly significant element in the control of cardiac contractility and a potential point of vulnerability in cardiac disorders. This link to contractility is most accepted among investigators by functional effects of cTnI phosphorylation at Ser 23 and Ser 24 [3, 4] . Important lines of evidence supporting the functional significance of this post-translational modification include the location of S23, S24 in a unique N-terminal extension of the cTnI variant ( Fig. 1) [5, 6] , the effect of the phosphorylation to increase the kinetics of Ca 2+ exchange with cardiac troponin C [7] , and the demonstration of altered contractility in transgenic models with gain or loss of function modifications in the effects of cTnI phosphorylation at these sites [8] . These data support the generally well-accepted hypothesis that phosphorylation of cTnI plays a significant role in the enhanced relaxation rate and abbreviation of the contraction-relaxation cycle time, which is critical to maintain homeostasis in hearts beating at the relatively fast rates associated with adrenergic stimulation. As illustrated in Figure 1 , there are a number of other phosphorylation sites on cTnI that have been identified, but the functional significance of these other phosphorylation sites on cTnI remains unclear and controversial.
Sites other than S23/S24 had been first determined by phospho-peptide analysis of rabbit cTnI in the laboratory of S. V. Perry in which cTnI-S150 [9] was identified as a endogenous site and cTnI-S77 was also identified as a substrate for phosphorylase kinase [9] . cTnI-S150 has since been identified as a substrate for p21-activated kinase (Pak). In vitro phosphorylation induces structural changes modifying the interaction of cTnI with cTnC, and an increase in response to Ca 2+ [10] . Yet further studies have reported that activation of Pak in cardiac myocytes leads to dephosphorylation via activation of protein phosphatase 2A [11] . Recent evidence has also identified cTnI-Ser 31 as a substrate for Mst1 (mammalian sterile 20-like kinase 1) [12] . This kinase, when activated, promotes apoptotic signaling and a dilated cardiomyopathy. Extensive studies in the laboratory of J. F. Kuo also demonstrated that, in addition to PKA, cTnI could also be phosphorylated in vitro by pan-protein kinase C (PKC) isolated from brain [13] [14] [15] . Phospho-peptide mapping and studies with mutant recombinant cTnI identified the major sites at S43, S45 and at T144 of cTnI [14, 16] . As illustrated in Figure  1 , these sites are strategically located in the region of interaction among the troponin units as well as in the inhibitory peptide. Further studies employing specific PKC isoforms supported and extended these initial findings. PKC-epsilon phosphorylated S43, S45, and T144, whereas, PKC-delta phosphorylated these sites as well as S23, S24. Other isoforms, such as PKC-betaII, demonstrated specificity for T144. Moreover, PKC-delta, when Tyr phosphorylated at a specific site by Src-dependent tyrosine, switched its preference from S23, S24 to T144 [17] . It is generally agreed that in vitro phosphorylation or pseudo-phosphorylation of S43 and S45, with S45 having the predominant effect [18] , induce a depression in responsiveness of myofilaments to activation by Ca 2+ both in terms of sub-maximal and maximal force generation and ATPase rate [14, 19] . The effect of in vitro phosphorylation or pseudo-phosphorylation of T144 is less clear. Our study [19] comparing controls with reconstituted thin filament preparations regulated by cTnI-T144E, revealed a depression in filament sliding in the motility assay, but with little effect of the pseudo-phosphorylation on Ca 2+ sensitivity or maximum tension of skinned fibers regulated by T144E. On the other hand, studies in the laboratory of Jeffrey Walker of cardiac myocytes made permeable, treated with PKC-betaII, and rapidly skinned revealed an increase in Ca 2+ sensitivity associated with phosphorylation of T144 [20] . This finding fits with earlier studies of Walker and colleagues demonstrating a positive inotropic effect in cardiac myocytes infected with PKC-epsilon and PKC-beta and treated with phorbol esters [21, 22] . Investigations of skinned fibers in mouse models expressing a cardiac directed and relatively low expression level of PKC-epsilon also revealed an increase in Ca 2+ -sensitivity, which occurred at 3 months of age [23] . By 12 months of age there was no change in Ca 2+ -sensitivity, but a severe dilated cardiomyopathy. Interestingly, this phenotype was rescued in a double transgenic model generated by cross-breeding the PKC-epsilon over-expressing mouse with the mice expressing cTnI-S43A/S45A [24] . Thus, it is apparent that the mechanism of rescue may be the enhanced phosphorylation of cTnI-S23/S24, which occurred in the cTnI-S43A/S45A transgenic model.
Animal models reveal data indicating a role for phosphorylation sites on cTnI other than Ser23/Ser24
Naturally these exciting findings from in vitro studies spawned investigations into the role of the cTnI "PKC sites" in control of the integrated function of hearts in health and disease. As with the studies on the S23, S24 sites, the approaches include determination of cardiac phenotype in gain and loss of function mouse models with cardiac specific expression of cTnI variants (either pseudo-phosphorylated switching serine or threonine residues with either glutamic or aspartic acid or with alanine). Other approaches include determination of the relative phosphorylation of the cTnI PKC sites, and correlations with function in models of hypertrophy and failure. Although there are some disagreements in the interpretation of results of the studies employing the transgenic mouse models expressing cTnI variants, these studies generally support the hypothesis inferred from the in vitro studies that PKC site phosphorylation is functionally significant. For example studies by Pi et al. [21, 22 ] employed a mouse model expressing a mutant cTnI with S43/S45/T144/S23/S24 all replaced with Ala. Stimulation of the beta-adrenergic pathway, which enhanced relaxation in controls, was about 50% reduced in the transgenic hearts. On the other hand, endothelin induced slowing of relaxation and tau in controls, and this effect was greatly reduced in the mouse hearts lacking cTnI phosphorylation sites. This led the authors to conclude that depending on the sites phosphorylated post-translational modifications of cTnI could either promote or diminish relaxation kinetics. A complimentary "gain of function" study supported this conclusion. Sakthivel et al. [25] employed a transgenic model expressing either cTnI-PP (S23D/S24D) or cTnI-AllP (S23D/S24D/S43D/S45D/T144D). Whereas the cTnI-PP hearts demonstrated enhanced contraction/relaxation kinetics and lusitropy compared to controls, the cTnI-AllP hearts did not. These results indicated that the PKC sites have a dominant negative effect able to offset the lusitropic effects of cTnI-PP. Our own studies [26] employing a mouse model expressing cTnI-S43A/S45A also revealed inter-dependence among the phosphorylation sites of cTnI. Hearts of these mice beating in situ demonstrated an increase in contractility reaching near maximal levels and similar to that of controls given maximally effective doses of isoproterenol. Analysis of the sites of phosphorylation in cTnI-S43A/S45A hearts revealed a significant increase in phosphorylation of S23/S24, which appeared to account for the increase in contractility.
Despite the disparity in results from in vitro experiments studies with the transgenic models described above support the general concept that the homeostatic control of cardiac function requires an appropriate balance of cTnI phosphorylations. For example it is reasonable to assume, for example, homoeostasis requires appropriate phosphorylation at sites which increase Ca 2+ -sensitivity (T144) and sites that diminish Ca 2+ -sensitivity (S43/S45 or S23/S24). In a scheme described in Solaro and de Tombe [27] , we emphasize this balance of phosphorylations as a nodal point in homeostatic control of cardiac contractility. We also point out the possibility and state the hypothesis that a disturbance in the balance is a substantial mechanism in the responses to pathological stresses leading to heart failure. Based on considerable evidence that mutations in sarcomeric proteins including cTnI lead to hypertrophic and dilated cardiomyopathies [28] , we argued that this disordered balance of phosphorylation may be an early trigger amplifying and promoting hypertrophic signaling.
Although data obtained from rodent models of heart failure support this hypothesis, data from human studies do not. Results of our studies of rat models of heart failure induced either by pressure overload or by myocardial infarction, produced evidence of a correlation of enhanced cTnI phosphorylation with a depression in force generation [29, 30] . We did not determine the exact sites where the increased phosphorylation occurred. One major challenge to this hypothesis has come from studies comparing levels of phosphorylation of samples of control and end stage failed human hearts. These studies have not demonstrated an increase in PKC site phosphorylation at end-stage heart failure. Moreover, in depth proteomic analysis of posttranslational modifications in cTnI has not detected phosphorylation of T144, S43 or S45. A discussion [31] of the relative merits of samples obtained from explanted hearts at end stage failure has been previously published. The major issue with regard to the present discussion is that "top down" proteomic analysis of commercially obtained cTnI from a human heart sample, showed phosphorylation only at S22, S23 and at S76/T77 [32] . In the case of top down proteomic analysis of rat hearts flash frozen in the basal states, the data show un-, mono-and bis-phosphorylated forms of 41%, 46%, and 13% with no evidence of phosphorylation at sites other than S23, S24 [33, 34] . Moreover, a general finding has been that cTnI levels of phosphorylation are low and Ca 2+ sensitivity is high in skinned myocytes isolated from explanted human hearts compared to controls [35, 36] . These findings have led to the question as to whether sites other than S23, S24 play a role in control mechanisms in the normal human heart and whether phosphorylation of the S43, S45, and T144 sites are of any significance with regard to pathologies in the human heart [36] .
It is premature to suggest that the findings from in vitro studies and from mouse and rat models of cardiac pathologies are irrelevant
In the case of studies with human heart samples, there is the distinct advantage that the measurements are closest to the human cardiac disorders, but, apart from the difficulty of obtaining matched controls, there is the disadvantage that the course of events leading to the end stage is over. Thus, key information is missing on the time course of altered phosphorylation during the progression of human cardiac pathology. Newer approaches are certain to shed light on the time course of changes in cTnI phosphorylation, but this will be difficult in the human for obvious reasons. Importantly there is evidence that treatment of detergent extracted myocytes from end stage failed hearts with PKC-epsilon or PKC-alpha is able to reduce tension and Ca 2+ -sensitivity and to increase phosphorylation of cTnI, but also myosin binding protein C (cMyBP-C) [37] . There is no evidence I know of that PKC dependent phosphorylation of cMyBP-C is able to reduce tension. Extensive and detailed analysis during the progression of cardiac disease even in animal models has not been generally done. One study published in abstract form was carried out by Sumandea and colleagues [38] , who measured cardiac troponin T (cTnT) phosphorylation during the progression to heart failure in well phenotyped SHR rats. Cardiac TnT phosphorylation transiently increased during the progression, but was lower than the controls at end stage heart failure. We need to know whether these sorts of changes are occurring in animal models as well as in humans and whether the phosphorylation changes are adaptive or maladaptive. It could be that S43/S45 and S150 of cTnI are never phosphorylated in situ, but these and other sites, such as S77, which has been known for many years and forgotten, as pointed out by Marston and Walker [36] , may change transiently.
Apart from the lack of information on the time course of changes, there is a need to develop fail safe preparative methods to retain labile or in some cases even relatively stable phosphorylation sites so that in situ phosphorylation is preserved. One of the most difficult steps in proteomic analysis of post-translational modification is retention of the in situ phosphorylation sites. It would be great to have an intracellular and vital probe reporting site specific cTnI phosphorylation, but we don't. It is difficult to test for retention of in situ phosphorylation sites inasmuch as we don't know exactly what's going on in situ, and can only guess intelligently based on data obtained in careful analytical studies. One approach would be to add cTnI phosphorylated at specific sites in vitro to heart samples during processing for proteomic analysis. This has not generally been done or reported.
Van der Velden
Counterpoint: Molecular, cellular and physiological investigation of phosphorylation sites on cardiac troponin I in the heart should be performed in large animal models and human hearts, as studies in transgenic mice models distract our attention from the relevant regulatory protein phosphorylation sites involved in myofilament function Troponin I is a powerful regulator of myofilament function in the heart. Next to titin and cMyBP-C, it is a target of protein kinase A, the down-stream kinase of the β-adrenergic receptor. Increased stimulation of the β-adrenergic receptors increases cTnI phosphorylation on Ser 23/24, which contributes to the lusitropic effect on the heart muscle required for improved ventricular filling during increased cardiac stress. Apart from PKA, many other kinases are able to phosphorylate cTnI as discussed above by John. Until now most studies investigating the role of cTnI phosphorylation on Ser 23/24 and other sites were performed using transgenic mice models. Undoubtedly these transgenic models provided incredible insight in the role of troponin phosphorylation in regulation of myofilament function, that is, in the rodent heart. The backside of these fashionable models is that the almost overwhelming amount of information has withdrawn attention from the crucial questions, which sites are phosphorylated in human cTnI and how is cTnI phosphorylation regulated in vivo (i.e. which kinases and phosphatases target cTnI)? Depressed maximal force generating capacity and altered Ca 2+ -sensitivity of myofilaments in cardiac disease have been ascribed to changes in troponin phosphorylation. While the direction of the change in myofilament Ca 2+ -sensitivity in diseased myocardium is a matter of an ongoing debate [31] , it is generally agreed that phosphorylation of cTnI on different sites is centrally involved. However, it is less evident that depressed maximal force of the myofilaments in cardiac disease can be ascribed to altered troponin phosphorylation.
A clear example of rodent studies, which could not be translated to large animals or human myocardium involves the functional role of truncated cTnI, in particular in reducing myofilament force development. The specific and selective proteolysis of cTnI has been proposed to play a key role in human myocardial ischemia/reperfusion injury, including stunning [39, 40] and in acute pressure overload [41] . The decrease in maximal force generating capacity of cardiac muscle is among the main features of reversible ischemia/reperfusion injury (stunning) in rodents and has been attributed to degradation of cTnI, primarily at its C-terminus [42] [43] [44] . The functional significance of C-terminally truncated cTnI was studied in exchange experiments using whole troponin complex, in which endogenous full-length cTnI was replaced by truncated cTnI. Truncated cTnI decreased maximal force upon exchange in rat trabeculae [45] . However, the impact of truncated cTnI on maximal force seems to depend on the species used within the exchange protocol, i.e. a 50% reduction in maximal force was observed upon exchange of truncated mouse cTnI in rat trabeculae, while this reduction was only 20% with truncated human cTnI in rat trabeculae and absent upon exchange of truncated human cTnI in human cardiomyocytes [46] . It should be noted that one cannot exclude that the discrepant observations may be related to differences in experimental conditions (type of cardiac preparation, temperature). In both rat and human cardiac preparations, incorporation of truncated cTnI in the myofilaments resulted in an increase in Ca 2+ -sensitivity [45, 46] , which will impair diastolic rather than systolic function of the heart. In support for the increased Ca 2+ -sensitivity, recent interaction studies using electron microscopy revealed that the Cterminus constrains tropomyosin in a position that interferes with myosin binding on actin in the relaxed state [47] . Truncated cTnI appeared to promote the transition of tropomyosin from the Ca 2+ -induced closed position on actin toward the myosin-induced open state [48] . The release of tropomyosin from its inhibitory position on actin by truncated cTnI in the presence of Ca 2+ may well explain the observed increase in myofilament Ca 2+ -sensitivity upon exchange of truncated cTnI. Whereas, the latter mechanism may be universal, the reduction in maximal force generating capacity may be species-dependent and rudimentary or even lost during human development.
Several rodent and large animal studies of cardiac disease revealed reduced maximal force generating capacity of the myofilaments, which may impair systolic performance. A reduction in maximal myofilament force has been reported in cardiomyocytes isolated from the postinfarct remodeled myocardium in mice, rat and pig models of myocardial infarction [29, 30, 49, 50] . Belin et al. [30] observed increased phosphorylation of cTnI in two distinct rat models. More, recently Belin and colleagues [29] proposed that increased PKC-alpha-mediated phosphorylation of myofilament proteins underlies reduced maximal force in end-stage congestive heart failure. A number of transgenic models and troponin reconstituted heart preparations indicated that phosphorylation of cTnI and cTnT by PKC reduces the maximal force generating capacity of myofilaments [19, 51, 52 ]. An in vitro motility assay to study the function of thin filaments from human myocardium showed a significant decrease in maximal calcium-activated force in failing compared to non-failing preparations, which could be corrected with phosphatase treatment. The authors suggested that the decrease in maximal force in failing human myocardium was mediated by PKC [53] . However, elegant troponin exchange experiments in rat myocardium showed that the reduction in maximal force in failing myocardium was not rescued upon exchange of the diseased cTn complex by cTn complex isolated from healthy hearts, while the disease-induced change in Ca 2+ -sensitivity was corrected to normal values upon incorporation of healthy cTn in the sarcomeres [30] . Studies in large animals did not find evidence favoring a role of cTnI in reducing the maximal force generating capacity of myofilaments [50, 54] . No marked differences were found in cTnI phosphorylation and PKC alpha in remodeled hearts three weeks after myocardial infarction in pigs despite a significant reduction in maximal force [50] . Moreover, force measurements in human cardiomyocytes incubated with the catalytic domain of PKC or the active catalytic subunit of PKC alpha could not explain the reduction in maximal force observed in cardiac disease [37, 55] . As the latter studies in pig and human are purely associative, future studies should aim to reveal causality between functional sarcomeric properties and troponin composition using troponin exchange experiments as done previously by Belin et al. in rodent myocardium [30] .
Although altered cTnI phosphorylation may underlie changes in myofilament Ca 2+ -sensitivity in pathological conditions it may as well be an innocent bystander
One of the major topics of discussion during past years has been the direction of the change in myofilament Ca 2+ -sensitivity in cardiac disease and the role of cTnI phosphorylation therein [31, 35] . An increase in Ca 2+ -sensitivity of force has been related with reduced PKA-mediated phosphorylation of cTnI in end-stage human heart failure [35, 56, 57] , while a decrease has been assigned to increased PKC-mediated phosphorylation of cTnI [29, 30] . The decrease in Ca 2+ -sensitivity in rat end-stage congestive heart failure was corrected upon exchange of failing troponin complex with troponin isolated from non-failing hearts [30] . Moreover, careful analysis of cTnI phosphorylation in rodent heart failure models showed alterations on PKC sites [30, 58] . These studies convincingly showed that increased PKC-mediated cTnI phosphorylation may reduce Ca 2+ -sensitivity in cardiac disease. But what about reduced PKAmediated phosphorylation leading to an increased Ca 2+ -sensitivity? In a recent study we took extra precautions to preserve phosphorylation status of the myofilament apparatus to address the question if Ca 2+ -sensitivity is decreased or increased three weeks after myocardial infarction in a large animal model, and if altered PKA-phosphorylation of cTnI is involved [54] . Trans-mural cardiac biopsies were taken from pigs with a myocardial infarction under well-controlled conditions at the same time as hemodynamic assessment of cardiac function. Cardiac biopsies were directly frozen in liquid nitrogen to arrest the actions of kinases and phosphatases and fix the phosphorylation status of myofilament proteins. Similar to our previous finding in human end-stage heart failure, Ca 2+ -sensitivity was significantly higher in infarct compared to sham animals. However, much to our surprise, our study did not reveal a change in phosphorylation of cTnI on either PKA or PKC sites, but showed reduced myosin light chain 2 phosphorylation through enhanced protein phosphatase 1 expression. In contrast to our observations in end-stage human heart failure, we have consistently observed increased myofilament Ca 2+ -sensitivity and unaltered total cTnI phosphorylation in heart failure models in mice, rat and pig [35] .
The discussion as to whether Ca 2+ -sensitivity is increased or decreased in cardiac disease and involves altered cTnI phosphorylation may be largely explained by differences in stage of the disease and/or underlying cause. Only recently, Walker et al. [58] showed transient changes in cTnI phosphorylation after myocardial infarction in mice (initial decline on PKA sites, and a subsequent increase on PKC sites Ser 43/45). Most studies in human were performed in endstage heart failure (NYHA class IV). Indeed, it has to be admitted that phosphorylation on Ser 23/24 in non-failing donor myocardium is extremely high, in comparison to controls from other studies [35] . On the other hand, it was surprising to find a larger functional effect of PKC alpha and PKC epsilon (i.e. reduction in Ca 2+ -sensitivity) in failing than in non-failing donor cardiomyocytes, as higher baseline phosphorylation of cTnI on PKC sites was expected in failing hearts on the basis of increased PKC expression/activity [37] . Apart from disease stage, changes in Ca 2+ -sensitivity and cTnI phosphorylation may be very dynamic. An increase in heart rate has been shown to change Ca 2+ -sensitivity and phosphorylation of cTnI [59, 60] . Small changes in PKC-mediated cTnI phosphorylation may occur on a beat-to-beat basis, and as pointed out by Marston and Walker [36] need to be "trapped" in vivo.
A major step forward in understanding myofilament dysfunction in human heart disease has been the studies in human biopsies from patients with moderate forms of cardiac disease (NYHA class II-III) [61] . Force measurements in single demembranated human cardiomyocytes provided insight in the mediators underlying diastolic myocardial dysfunction. Increased cardiomyocyte stiffness was found in failing human heart preparations, which could be corrected to values found in non-failing hearts with PKA. Evidence [62] suggests that impaired titin phosphorylation most likely underlies the increased stiffness, which contributes to the diastolic dysfunction observed in heart failure patients. A similar approach may be used to understand changes in Ca 2+ -sensitivity during progression of human cardiac disease. However, serious limitations intrinsic to human studies should be taken into account. Studies in human preparations are complicated by differences in medication, genetic background, life style and co-morbidities, and emphasize the need for longitudinal studies in large animal models.
A change in myofilament Ca 2+ -sensitivity has been proposed as a disease mechanism underlying development of primary cardiomyopathies. Familial dilated (DCM) and hypertrophic (HCM) cardiomyopathies are frequently caused by mutations in genes encoding sarcomeric proteins. Again, most data originate from experiments with either engineered mouse models or recombinant proteins. Based on in vitro and transgenic animal studies it has been put forward that HCM mutations in sarcomeric proteins cause an increase in Ca 2+ -sensitivity, while DCM associated mutations have been proposed to reduce Ca 2+ -sensitivity. However, there have been few reports to date that actually document the intrinsic abnormalities present in human HCM [63] and DCM hearts. Hence, this paradigm (increased vs. decreased Ca 2+ -sensitivity) needs to be tested properly in the human setting and in my opinion will turn out to be too simplistic, as myofilament function will not only depend on expression of the mutant, but may be modified by the many phosphorylation sites of cTnI.
Changes in cTnI phosphorylation
and Ca 2+ -sensitivity may be dynamic and disease stage-specific and may depend on other proteins Although I think it is a fact that cTnI phosphorylation is not involved in altered maximal force, I do fancy the idea of cTnI as determinant of altered Ca 2+ -sensitivity in cardiac disease. As cTnI is the dominant protein involved in the PKA-mediated reduction in myofilament Ca 2+ -sensitivity, one might forget about other proteins, which may exert a modulatory role or play even a central role. Exchange experiments in human cardiomyocytes with PKAphosphorylated cTn complex revealed that changes in Ca 2+ -sensitivity depend on background myofilament protein phosphorylation and showed a coordinate role for the other PKA-target proteins in reducing myofilament Ca 2+ -sensitivity [64] . As the focus has been on troponin, in particular cTnI, other players, such as cMyBP-C and myosin light chain 2 have received less attention. Although, the functional relevance of some cTnI phosphorylation sites may be overestimated, efforts should be made to translate results obtained in vitro and in transgenic rodent models to human myocardium, as in the end we aim to understand and design treatment modalities for man.
Solaro Point: Studies of the role of troponin and troponin phosphorylation should move equally on all fronts without dominance of human studies
I am in full agreement with Jolanda regarding the need to do studies in larger mammals including the human. What we disagree on is the value of the studies with other species and of the relative importance of sites of phosphorylation on cTnI other than Ser23/Ser24. In our most recent studies [65] of this question done in collaboration with Jonathan Kirk and the laboratory of Sanjeev Shroff, we found significant depressive effects of expression of a pseudophosphorylated (by Glu substitutions) cTnI at Ser 43, S45, and T144 in a transgenic mouse model. This was not surprising to us in view of our previous data [19, 24, 26] , but what is surprising is that only ~7% of the native cTnI had been replaced with the mutant pseudophosphorylated form. These data together with findings pointed out above indicate that there are transient changes in protein phosphorylation and function of the sarcomeres responding to stress and provide strong evidence for the need to use animal models. Moreover, an advantage of rodent genetic models is that they offer the possibility to determine whether phosphorylation of cTnI, for example, correlates with the maladaptive effects and expression of a mutant protein linked to a cardiomyopathy or whether the phosphorylation is an adaptive response. Another rationale for pursuing studies in animal models is the complexity of signaling through kinases and phosphatases. Multiple targets and dose and time dependence of agonist effects all contribute to this complexity. Sorting out the relative significance of these complex reactions is impractical in large animals and essentially impossible in the human. It is also worth noting at this point that studies with rabbit models also provide an approach, which involves an animal model closer to the human in terms of electrical properties and myosin isoform population. The disadvantage is the slow and relative expensive throughput of experiments. The problems with the studies of human samples remain and have been emphasized previously [31] . Apart from difficulty with well controlled studies, sampling problems remain significant. As pointed in a recent "white paper" written as a result of an NIH workshop, sampling in human studies is among the most prominent pitfalls [66] .
Van der Velden counterpoint:
To extrapolate the knowledge from transgenic animals present studies of the role of troponin and troponin phosphorylation should focus on human I think John and I fully agree that we need to focus our studies on transient changes of the contractile machinery during onset and progression of cardiac disease. Indeed, studies in endstage human myocardium have provided a rather narrow view and do not reflect the changes which occur during cardiac disease. I believe our recent studies in cardiac biopsies from patients with an earlier stage of heart failure advanced our understanding of sarcomeric dysfunction as they established the link between increased passive stiffness of sarcomeres and diastolic heart failure [67] . Investigation of genetically manipulated rodent models is indispensable for advancing our general understanding of sarcomeric protein function, but observations from these models need to be validated in human. I fear the devotion to transgenic models as these studies may further increase the gap between mice and men. We should take action and join efforts to overcome the pitfalls of human studies. One exciting novel approach to investigate (patho)physiologic mechanisms in human are human induced pluripotent stem (iPS) cells, which can be generated from somatic cells from patients who suffer from cardiovascular disease. The iPS cells can be differentiated into beating cardiomyocytes and may serve as a human cardiovascular disease model [68] . As the iPS cells have a similar genotype to that of the patient, they may be of particular interest to study monogenetic cardiac diseases such as HCM and DCM which are caused by mutations in genes encoding sarcomeric proteins. Although there will be several technical hurdles to take, cardiomyocytes derived from human iPS cells may be used to gain insight in site-specific phosphorylation of cTnI and the functional consequences and thereby extend the tools to investigate sarcomeric function in men. We have reached a point in sarcomeric studies where we should convince medical ethical committees and cardiac surgeons of the importance of human cardiac studies, which will allow us to check if inferences from transgenic animal studies are fact or fancy. Portion of a cardiac thin filament regulatory unit indicating the location troponin units and tropomyosin (Tm) in the transition from diastole to systole, and demonstrating the multi-site phosphorylations (yellow balls) of cardiac troponin I (cTnI). Left Panel. Thin filament in diastole showing troponin C (cTnC) as a dumbbell shaped protein with the N-lobe containing a single regulatory Ca-binding site. cTnI (green) is shown tethered to an actin strand by an inhibitory peptide and a second actin binding region. The distal C-terminal end of cTnI drapes across azimuthal actins and may interact with Tm. cTnT is shown in blue. An N-peptide of cTnI interacts with the N-lobe of cTnC, but is released upon phosphorylation.
